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In reviewing some of the lysimeter data that had been obtained at
thaca and Geneva, New York, at Windsor, Connecticut, at Knoxville,
>nnessee, and at Riverside, CaHfornia, AlHson (2)^ pointed out that
le nitrogen content of most soils would decrease unless they were kept
1 uncultivated crops. In cultivated soils the decrease would occur re-
ardless of how much nitrogen was added as fertilizer. Results at these
)cations indicated that about 40 to 75 per cent of added and available
)il nitrogen was recovered by crops. A large portion of that not recov-
red in crops could be accounted for in percolation water, but substan-
al unaccounted-for losses were frequent. Net gains in nitrogen were few
1 these studies. Evidence indicated substantial losses of nitrogen by
3latilization.
Considerable conflicting information is available as to the value of
loculated winter legumes used as green manure as compared with fer-
lizer nitrogen in supplying available nitrogen for the succeeding crops
0, (8), (10), (14), (15), (17), (18), (19), (23), (31).
Laboratory and greenhouse studies, although they may be contin-
ed for several years, cannot be expected to indicate very accurately
hat would occur in the field under actual farming conditions. On the
ither hand, experiments on a field scale do not lend themselves to very
ixurate measurements and one important variable, loss of nitrogen by
Inching, cannot be measured at all. In order to measure more accurately
lie influence of cropping systems on the nitrogen and organic matter
mtents of the soil and to determine the magnitude of certain gains and
'sses of nitrogen in the field, and at the same time to provide plots of
ifficiently small size to permit catching and analyzing soil percolation
ater, twelve lysimeters were constructed in 1950 and have been used for
lis study.
During the course of the study, six years' results of which are reported
ere, it has been possible to measure all the nitrogen that was added to
le soil in rainfall, fertilizer, planted seed, green manure and in clipped
rage that was returned to the soil surface. The nitrogen removals that
ive been accounted for by actual measurements include that nitrogen
I harvested crops and that lost by leaching.
^Numbers in parentheses refer to Literature Cited, Page 25.
3
REVIEW OF LITERATURE
Andrews (5) , reporting on unpublished data collected over a 12-ye-
period at the Mississippi Delta Branch Station, stated: "Even though 1-
guminous green manure crops produced higher yields of cotton than dl
30 pounds of commercial nitrogen, there was little difference in the r-
ganic matter content of the soil. These data suggest that the green m-
nure crop rotted completely and that the small increases in soil organ:
matter were derived from the larger yields of cotton stalks which we^
returned to the land."
Results of experiments with winter legumes, continued for may
years on Mississippi River flood plain soils in Louisiana, were reportnl
by Haddon (14). Increases in yield of one to one and one-half bales f
cotton per acre that were obtained by turning under winter legumes s
green manure, lasted for three crop seasons provided the practice hil
been continued for three years. The results of this test also showed tht
the maximum beneficial effect of green manure could be obtained ony
by careful attention to such factors as date of planting the legume, seel-
ing rate, depth of planting and date of turning under.
Patrick, Haddon and Hendrix (20) have reported that the averas
yield per acre of seed cotton for a 25-year period was 1,680 pounds f(-
lowing common vetch used as green manure as compared with 1,4 )
pounds using 40 pounds per acre of fertilizer nitrogen on Commers
loam. An average yield of 2,000 pounds per acre of seed cotton was c-
tained where hairy vetch was turned under. During the six-year peri l
1950-1955, even though 40 pounds per acre of fertilizer nitrogen applil
annually increased the yield of cotton over that obtained from the chec
plots, the greater crop residue turned under had little effect in incre|
ing or maintaining the soil's supply of organic matter. )
Haas, Evans and Miles (13) made a study of the effect of cropping i
the carbon and nitrogen content of the soil at 14 locations in the Gr(|t
Plains. The period of cropping ranged from 30 to 43 years and the nitii-
gen loss varied from 24 to 60 per cent, with an average loss of 39 per ce|,
over a 36-year period. Results at three locations in Kansas showedja
sharp decline in nitrogen the first 10 to 20 years of cultivation witha
tendency to level off in later years. At Sheridan, Wyoming, the declie
was almost linear. Land which had been continuously cropped to sm 1
grains lost much less nitrogen than that which had been in row cro
Alternate fallow and small grain resulted in more nitrogen loss than ci
continuous cropping. The average loss in nitrogen at 1 1 locations v» s
24 per cent for continuous small grain, 29 per cent for alternate smjll
grain and row crop, and 43 per cent for continuous row crop. Los s
from sub-surface soil were much less than from surface soil. The averae
of 12 locations showed a 37 per cent loss from rotations without manie
compared to 25 per cent with manure. Neither rye nor legumes used s
!
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reen manure were effective in reducing the loss of nitrogen. Incubation
tudies showed a high correlation between nitrogen content of soil and
itrate production over a six-week period. In longer incubation periods,
igh-nitrogen soils not only produced more nitrate during the first six
/eeks but maintained a higher rate over long periods. The average loss
f soil nitrogen was 39 per cent and the average nitrate-nitrogen-produc-
ng ability was 35 per cent. The type of crop growing before sampling had
ittle effect on nitrate production. There was little relationship between
ler cent change in nitrogen and per cent change in yield. In some cases
ield changes were greater than nitrogen changes; in other cases the re-
erse was true. Row crop yields declined more than wheat yields. Be-
ause of lack of response to nitrogen fertilization, it was concluded that
loisture was still the limiting factor in crop production in these soils.
Parker, Larson and Bartholomew (19) studied the influence of loca-
ion of plant residues in the soil on the immobilization of nitrogen. In
reenhouse studies, corn stalk residue mixed with the soil resulted in a
ie-up of nitrogen as compared with the effect of the material when left
n the soil surface. No tie-up of nitrogen occurred from the residue on
tie soil surface. Field experiments showed that low nitrogen residues ap-
plied to the surface resulted in decreased nitrogen uptake and yield of
orn. Yields were increased above an unmulched check, however, when
srtilizer nitrogen was applied with the low-nitrogen residue.
On a soil in Alabama that was initially very low in nitrogen. Cope,
iturkie, and Hiltbold (9) found that during an 18-year period more corn
nd cotton were produced using annual applications of five tons per acre
if manure than with 52 pounds of commercial nitrogen or vetch as green
lanure. Commercial nitrogen produced higher yields than green manure.
Vhen treatments were suspended on all the plots, there was no residual
ield-producing advantage of vetch over commercial nitrogen. The
reen manure did not increase soil carbon or soil nitrogen during the 18
ears. Stable manure increased soil carbon 33 per cent and soil nitrogen
2 per cent over the original levels.
Studies by Giddens (11) showed that the organic matter and nitrogen
ontent of Georgia soils was rapidly reduced by cultivation. A 57 per cent
)ss in organic matter occurred with 25 or more years of cultivation. The
itrogen content was reduced from 2,695 to 1,659 pounds per acre. Most
E the carbon from 20-ton applications of easily decomposable organic
latter was lost from a cultivated Cecil soil in 24 months.
Waggoner (31) reported that, based on a three-year average on Pren-
ss loam and Tilden very fine sandy loam soils, vetch alone as a source
E nitrogen produced 11 pounds more seed cotton per acre than 90
ounds of nitrogen from ammonium nitrate.
Acharya, Jain and Jha (1) found that in 10 years Berseem fertilized
ith phosphorus and grown in a rotation increased the nitrogen content
t the soil by 40 per cent as compared with plots where Berseem had not
sen grown, and increased nitrogen 17 per cent over that where Berseem
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was grown in a rotation without fertilizer phosphate. Each Berseem cr<
increased soil nitrogen by about 78 pounds per acre. Since the roots ai
nodules of the Berseem plants accounted for only about 11 pounds of
trogen per acre, they concluded that the bulk of the nitrogen addition
the soil resulted from nitrogen excretions while the Berseem crop w
growing.
Fribourg and Bartholomew (10) determined the relative availabilit
of nitrogen in alfalfa tops, red clover tops, soybean straw, oat hulls, a:
ammonium nitrate at different rates of application. Using corn as the
dicator crop the first season after soil treatments, they found that alfaji
was more efficient in increasing yield than the red clover green manu .
Soybean straw had little or no effect and oat hulls tied up soil nitroga
and decreased yield. The alfalfa green manure was about 34 per centis
efficient as ammonium nitrate on the basis of pounds per acre of nit -
gen applied. In the second growing season, using oats as the idicator crci,
nitrogen availability was not more than 7.5 per cent of that originajy
contained in alfalfa, and 3.5 per cent of that contained in red clovj-.
Nitrogen availability from soybean straw was about 2 per cent. No nitb-
gen was available from oat hulls.
Stojanovic and Broadbent (27) incubated two Gray-Brown PodzojC
soils of New York under controlled temperature, moisture and aeratidi.
The soils were treated with wheat straw or corn leaves and inorganic i-
trogen. Added ammonia was immobilized when corn leaves were addl
with ammonia nitrogen. Reduction of added nitrate nitrogen was nei
-
gible in the presence of corn leaves. They concluded that a substant 1
amount of nitrogen was turned under in the presence of available enei
y
and that immobilization of nitrogen was significant even in the decoi-
position of a high nitrogen-containing material such as corn leaves.
Alios and Bartholomew (4) applied quantities of tagged N^^ varying
from 0 to 432 milligrams per pot for seven legumes groAvn in explodjd
vermiculite with a nutrient solution. They found that the magnitude jf
nitrogen fixation by the legumes was proportional to the total groi^iii
and nitrogen uptake. Nitrogen fixation decreased and fertilizer abso)-
tion increased with an increase in the quantity of nitrogen that was av;l-
able.
Chapman, Liebig and Rayner (8) reported that unaccounted-for rt
losses of nitrogen, thought to be due to gaseous volatilization, amounid
to more than 60 pounds per acre annually with a mustard cover crp
when 200 pounds of nitrogen per acre were added as a fertilizer to 'C
soil. Similar losses occurred as a result of cereal straw applications sd-
plemented with 200 pounds of nitrogen. Net gains of nitrogen when 3-
gume cover crops were grown without fertilization amounted to as mih
as 150 pounds per acre annually. Net gains of nitrogen due to non-su-
biotic fixation amounted to 48 pounds per acre per year when dry ceril
straw was applied without fertilization. The average loss of nitro^iin
through leaching varied from 4 to 88 pounds per acre annually, le
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Qaximum losses occurred when no winter cover crop was grown and also
^hen heavy applications of nitrogen were used.
Broadbent and Chapman (6) stated that there was no way of measur-
ng the absolute quantity of nitrogen added to the soil by the fixation of
tmospheric nitrogen, nor of evaluating losses which are attributed to
olatilization. Two nitrogen-balance figures were given, one representing
he difference between measured additions and removals and the other
>ased on soil analysis at the outset and after 15 years. The discrepancy
)etween these two figures represented the net effect of fixation on one
land and volatilization losses on the other. The authors mentioned that
statistical estimate of sampling error indicated that the nitrogen con-
ent between the initial and final sampling periods might vary as much
LS 320 pounds per acre without being significant at the 5 per cent level.
Broadbent and Stojanovic (7), using the sensitive tracer technique with
have found appreciable losses of nitrogen to occur when nitrate is
^dded to the soil. Although the losses were greater at low oxygen con-
entrations, they were not restricted to conditions of poor aeration. The
ninimum loss obtained was 16 per cent of that added, and occurred at
9 per cent oxygen. An 81 per cent loss occurred in another soil with 2
ier cent corn leaves added and at 0.1 per cent oxygen. There was little
vidence of nitrogen loss from ammonium salts added to the soil.
Pinck, Allison and Sherman (21) found that when plant materials
laving carbon-nitrogen ratios of 18 to 102 were added to Cecil clay loam
oil in the laboratory, no significant loss of gaseous nitrogen occurred.
Vhere the ratios of the added material were as narrow as 3 to 15, marked
litrogen losses occurred and these losses increased as the nitrogen con-
ent increased. Thus the importance of carbon in holding nitrogen in
he soil was demonstrated. The composition of added materials was
lore important than the carbon-nitrogen ratios in determining the per-
entage of carbon that would be left in the soil after an extended period
if time. The carbon of succulent green manure crops was retained in
he soil to almost as great a degree as was that from mature plant ma-
erials. The main effect of nitrogen added to nitrogen-deficient crop resi-
ues was to increase the rate of humus formation. With nitrogen-deficient
laterials added, the organic matter remained only partly decomposed.
fhey
concluded that supplemental additions of nitrogen to nitrogen-
:ficient materials were not necessary to hold carbon in the soil during
e process of humus formation. Calcium carbonate added to Cecil soil
(icreased the rate of decomposition and amount of carbon lost. No sig-
ificant amounts of nitrogen were fixed in either limed or unlimed Ce-
il soil. The initial pH of the soil was 4.9.
Wilson (35) found that under artificial conditions many strains of
hizobium would reduce nitrate to nitrite and that the nitrite in an acid
edium would react with many compounds and liberate gaseous nitro-
en. He expressed doubt that such a reaction occurred in actively func-
oning nodules.
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Losses by volatilization of added fertilizer nitrogen may be very larg
even from moderately acid soils. This has been recently demonstrated
laboratory studies by Wagner and Smith (32) in Missouri. In their expei
ments, measured losses ranged up to 85 per cent of the added nitrogen.
Goring and Clark (12) found a highly-significant difference in tot
numbers of bacteria in cropped and fallow soils; however, there were i
significant differences in numbers of Nitrosomonas and Nitrobacter.
was concluded that less mineral nitrogen accumulated in cropped so:
than in fallow soils, even though an accounting was made of the nitrog(
removed by cropping. The extent of the nitrogen deficit encounter*
was correlated with total weight of roots, with nitrogen content of t]
crops grown, and with the increase in numbers of microorganisms th
occurred with plant growth. These workers believed that unaccounte
for nitrogen in cropped soils was immobilized rather than lost to the a^
Karraker (17) has reported the influence of various cropping pn
tices on the nitrogen content of soils in plots in Kentucky. In soil us(
for rotation experiments, the nitrogen content decreased when soybea
and cowpeas were grown for hay but was maintained or increased whi
red clover was grown for hay. Alfalfa, sweet clover and lespedeza, whi
grown for hay, barely maintained the nitrogen content. In three outlyii
experimental fields, the nitrogen content of the soil averaged 28 per ce
higher in manure-limestone-phosphate plots than in nontreated plo
and 17 per cent higher in the manure-limestone-phosphate plots than
those receiving only manure.
Karraker, Bortner and Fergus (18) found, in lysimeter studies in K(
tucky, that less nitrogen was added to the soil by fixation when a legui
was grown with a non-legume than when the legume was grown alor
This was due largely to the fact that the non-legume reduced the grow
of the legume. During an eleven-year period, 2,452 and 2,265 pounds
nitrogen per acre were fixed where alfalfa and korean lespedeza we
grown alone, respectively. The soil gained 33 pounds of nitrogen f
acre where bluegrass was grown. This gain was thought to be due to nc
symbiotic nitrogen fixation. Uncropped soil lost 9.5 per cent of its nitii'-l
gen by leaching during eleven years. This loss occurred mainly from tj;!
surface soil and from January through April. Leaching losses were oir
slight where grass, rye cover crop, alfalfa or good covers of white or rl
clovers were grown. i
Five-year lysimeter studies conducted by Jacobson, Swanson and Smii'
(15) showed that 95 per cent of the nitrogen leached from the soil \as
lost during the first six months after fertilizer application. Phosphate a I
carbonate anions exerted a more beneficial effect on nitrification of uii
than did sulfates and chlorides. Cations produced no marked differem^
on nitrification. Phosphorus appeared to be the limiting element ir
maximum nitrification of urea.
At College Station, Texas, Reynolds and Norris (23) found no sign
cant differences in yield of corn in 1950 after winter legumes had be)
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Lirned under in the spring of 1949 and cotton was grown on the land in
949. Sixty pounds of nitrogen applied to the corn did give a significant
ncrease in yield.
Allison and Sterling (3) found nitrate formation from soil organic
latter to be directly correlated with the total soil nitrogen in a sandy
oil. Nitrates were negatively correlated with percentage of nitrogen lost
uring 33 years of cropping. They concluded also that the thoroughly
umified soil organic matter in a given soil type under like climatic con-
itions was fairly uniform in quality regardless of past agronomic prac-
ices, and that the total-nitrogen content was a rough index of the nitrate-
urnishing power of variously treated soils.
Singh, Gangadhar and Shrikhande (25), using a nitrogen-free solution
ontaining one per cent mannitol in pot cultures, found that the opti-
lum concentration of phosphorus for nitrogen fixation by Azotobacter
aried not only with different forms of phosphorus but also with the age
f the culture of the bacteria. Vyas (29) studied the influence of four
3rms of phosphorus on nitrogen fixation by peas. All four forms of
hosphorus tested were found to increase nitrogen fixation. Two rock
hosphate forms were inferior to superphosphate and bone meal. Vyas
nd Desia (30) found that the addition of superphosphate to the soil in-
reased the number and nitrogen content of nodules on the pea plant and
Iso increased the yield of nitrogen content of the plants.
The Winogradsky spontaneous culture test for Azotobacter that was
Tiproved by Winogradsky and Ziemiecka (36) has been used and modi-
ied by many investigators, including Sackett and Stewart (24), Wilson
53), (34) and Van Eseltine (28). This method has been used for the de-
^rmination of occurrence and distribution of Azotobacter in soils.
Jenny (16) pointed out many years ago the influence of rainfall and
smperature on the nitrogen and organic matter content of soils in the
Inited States. He observed that from the Gulf Coast to the North Cen-
:al states, there was an increase of two to three times in soil organic mat-
IX and nitrogen with each 18° F. decrease in temperature.
It is apparent from the review of some of the literature that the ef-
^cts of different cropping systems, fertilizer nitrogen and leguminous
reen manure on the nitrogen and organic matter contents of soils are
uite variable. Such factors as kind of crops grown, the soil used in the
?cperiment, climatic conditions, amount of fertilizer nitrogen used, non-
/mbiotic nitrogen-fixing microorganisms, nitrogen losses by volatiliza-
on, and especially the quantity and quality of leguminous green ma-
ure turned into the soil, influence the nitrogen and organic matter con-
?nts of the soil.
PLAN OF THE EXPERIMENT
The twelve lysimeters were constructed in August, 1950. Each lysi-
leter was 43 inches square, or appriximately .0003 acre in area. They
ere 42 inches deep, built of concrete and arranged in two rows of six
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each, on either side of a concrete tunnel. The tunnel was approximate]
six feet wide and eight feet deep, provided with a roof and an outh
from the bottom of each lysimeter entering the tunnel through the wal
The percolation water from each lysimeter was caught in a 20-gallo
aluminum stock pot (Figure 1).
The inside of each lysimeter was coated with asphalt and a black ire
perforated plate was placed over the outlet. A thin layer of fine grav^
was placed in the bottom. Richland silt loam, a Mississippi terrace soi;
was then placed in each lysimeter in as nearly its natural condition wit
respect to thickness of horizons and degree of compaction as practicabll
The thickness of the A horizon was 6 to 7 inches. The B horizon extende!
to a depth of 28 inches. Since the soil was very dry when placed in tl
lysimeters, it was wetted slightly to help obtain the normal degree <
compaction and fill large voids with the soil. Care was taken not to pu(
die the soil.
The A horizon of the soil placed in the lysimeters had an exchani
capacity of 10.0 m.e. and base saturation of 51 per cent. The pH was 5.
The phosphorus soluble in .05 N. HCl was 8 p.p.m. The exchangeab
potassium content, as extracted with .05 normal nitric acid, was 60 p.p.i
The soil contained 0.063 per cent total nitrogen and 1.16 per cent o
ganic matter.
In September, 1950, the soil was limed with two tons per acre of fine
ground dolomitic limestone (55% CaCOg and 43% MgCOg) to raise ti
pH to 6.5. Lime was added as needed at two- to three-year intervals du
ing the course of the experiment to maintain the pH at or near 6.5. Fell
tilizer was added to the soil in all lysimeters at the rate of 400 pounds
4-12-12 per acre at the beginning of the experiment.
The following crops and crop combinations were used in triplicat
1. White clover and Dallisgrass grown continuously and clipped pei
odically, with half the forage returned to the surface of the plots.
2. Dallisgrass grown continuously and clipped periodically, with ha
the forage returned to the surface of the plots.
3. Cotton (Sudangrass in 1953), following an inoculated winter 1
gume used as green manure.
\
4. Cotton (Sudangrass in 1953), fertilized with 60 or 72 pounds
jl
nitrogen per acre, one-half the nitrogen applied at planting and the i!
mainder applied as a side dressing when the plants were 8 to 10 inch|l
high. !
All the plots received 600 pounds of 0-12-12 fertilizer per acre ea*
spring. On the plots with continuous cover the fertilizer was spread (
the surface and chopped into the soil without destroying the vegetati '
cover. On the plots where cotton was grown the fertilizer was mixed wi:
the soil in the row two to three inches below seed level. On the plots
(|
which Dallisgrass alone was grown, it was necessary to apply fertilizer i!
trogen at the rate of 60 pounds per acre in 1953, and 72 pounds per acjj;






was applied to the surface as a top dressing. The fertilizer elements wej,
in the form of ammonium nitrate, monocalcium phosphate and potct
sium chloride. All were reagent-grade chemicals. No nitrogen was appli(
to the clover-grass plots or to the cotton plots with green manure aft
the initial application of 16 pounds per acre that was made to all pic
in the fall of 1950.
The forage that was produced on the clover and grass plots and a
the grass plots was clipped at intervals, weighed, and one-half the fora?!'
was returned to the soil surface. The other half was used for determin
tions of water and nitrogen content. The yield on a dry weight basis ari.
the amount of nitrogen removed in the harvested forage was determine!
The forage was clipped three to seven times each year, depending upc
its rate of growth.
On the plots where cotton was grown following leguminous gre(
manure, the legume, hairy vetch, Vicia villosa, was seeded at the rate ;
30 pounds per acre about October 10 each year. The seed were inoculate,
with a fresh commercial culture of inoculant. The green manure w;
clipped about March 20, weighed, and sampled for determinations
water and nitrogen content. The green manure was then turned ai
mixed with the soil to a depth of six inches. D. & P.L. 15 cotton w
planted about April 20 in a single row across the center of the plots. S
hundred pounds of 0-12-12 fertilizer per acre was placed in the row ai
mixed with the soil to two to three inches below seed level. The cott(ji
plants were thinned to six per plot when they were about five inchl
high. Insects were controlled by frequent dusting with a commercial mi
ture of 3 per cent BHC, 5 per cent D.D.T., and 40 per cent sulfur, r
toxaphene, or calcium arsenate and by spraying with malathion solutio!,
10 ml. per gallon of water. When the cotton was mature it was picke
air dried and weighed. The moisture and nitrogen content of the se<}l
were determined and the amount of nitrogen removed from the plcj}
was calculated. The cotton stalks were then chopped into small piec;
and turned into the soil. Sudangrass was substituted for cotton in 19 i
because a more uniform nutrient status in the soil in each of the cul|-
vated plots was desired and a broadcast crop of Sudangrass would produ^
this result better than cotton. The Sudangrass crop was harvested at rr •
turity. The yield on the dry weight basis and the amount of nitrog i
removed in the crop was determined. The stubble left on the plots w;
turned into the soil.
The three remaining plots were cropped to cotton fertilized ea i
spring with ammonium nitrate.. In 1952 and 1953 the rate was 60 poun>
of nitrogen per acre annually. The rate was then increased to 72 pouni>
per acre annually because a nitrogen deficiency was quite apparent i
the plants on these plots as compared with the plants grown on t
;
green-manure plots. One-half the nitrogen was applied below the se I
at planting and the remainder was added as a side dressing when 1 1
plants were about eight inches high.
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In addition to the measurements of nitrogen applied as fertilizer and
in green-manure and nitrogen removed from the plots in harvested
:rops, the percolation water from each lysimeter was caught, measured
md analyzed for ammonium and nitrate nitrogen. These leaching losses
were then converted to the pounds per acre basis. All rainwater was also
:aught, measured and analyzed for ammonium and nitrate nitrogen to
determine the amounts of nitrogen brought down to the soil by rainfall.
The measurements of percolation and rainfall were made for each rain
DY storm period during the six-year period. No runoff from the soil sur-
[ace was allowed. The amount of nitrogen added to the soil in planted
cotton seed and vetch seed was calculated, but since less than two pounds
per acre were added in cotton seed and less than seven pounds in vetch
jeed during six years, the addition was not included in any of the tables.
Although the study was begun in October, 1950, only the results for
the period October 1, 1951, through September 30, 1957, are reported
here; the first year's results were omitted since that was the period of
greatest settling of the soil in the lysimeters.
The data reported as pounds per acre were calculated on the basis of
two million pounds of soil, dry weight. The "experiment year" in this
ptudy began on October 1 and ended September 30. About October 1 of
?ach year samples of the soil in each lysimeter were taken from the i/g-inch
to the 6-inch depth. Samples were taken from five locations in each lysi-
meter and composited. An observation made consistently during the
course of this study indicated that the greatest single source of error was
in the sampling of the soil in the plots. Thus, if five individual soil
samples were taken from different locations in a plot, composited, and
malyzed for total nitrogen, the results might vary as much as 10 per
cent from those on another composite sample made up of individual
samples taken from five other locations. This source of variation has
been discussed at length by Chapman, Liebig and Rayner (8).
The soil samples were air dried, crushed, passed through a 20-mesh
jcreen, and used for total nitrogen and organic carbon determinations.
Nitrogen in the soil and in plant materials Avas determined by the modi-
fied Kjeldahl method. Carbon was determined by the dry combustion
naethod as described by Piper (22). Per cent organic matter was calcu-
lated by multiplying per cent carbon by 1.724.
The phenoldisulfonic acid method was used to determine nitrate-
nitrogen in rain and peroclation water and in soil. The optical density
3f the unknown samples was compared with that of standard nitrate so-
lutions in an electro-photometer using water as a blank. Ammonium ni-
trogen in the rain and percolation water was determined by Nessleri-
^ation and comparison of the color intensity with that of standard am-
monia solutions.
To determine the occurrence of Azotobacter in the soil under the four
cropping systems, the relative numbers of the organisms were determined
in the soil samples taken each October. The occurrence of Azotobacter
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was determined with the use of a modification of the Winogradsky spo
taneoiis cukiire test by preparing soil plaques in duplicate and usiij,
sterilized silt loam soil in Petri dish halves 5.7 cm. in diameter. The sc
was sterilized in an air-dry condition in an autoclave. Sufficient 3 p
cent starch solution was added to the sterilized soil to form a soil past
This was then smoothed on the surface with a sterile spatula wetted wi
the starch solution. A one-gram sample of the air-dried soil from the ly
meters was then carefully spread on the surface of the sterile soil plaqi
and smoothed with a sterile spatula. The plaques were incubated in
moist chamber at 30° C. for 72 hours. The only colonies of microorga
isms that appeared on these plaques in 72 hours, as revealed by mici
scope examinations of numerous slides prepared from colonies and int(
colony surfaces, were those of Azotobacter. The Azotobacter colonies th
developed using starch as the energy source were easily visible. Th
were dark rust-brown in color, flat, dry and 1 to 1.5 mm. in diameter,
sterile 2 per cent mannitol solution was also used as an energy sour
on duplicate soil samples. Mannitol was not as satisfactory as starch i
though the number of Azotobacter colonies developing on the mannit
plaques was about the same as with starch. The mannitol promoted tl
rapid growth of subsurface organisms that were gas-producers. This g
disrupted the smooth surface of the plaques, which made colony iden^-
fication more difficult. Another disadvantage of the mannitol plaqui
arose from the fact that the Azotobacter colonies were clear, raised, st
rated, viscous, spread quickly to about 5 mm. diameter, and frequent
coalesced with nearby colonies. These tests for relative numbers of Azof'
bacter were repeated on the samples of air-dried soil that had been ston
in sealed jars for periods of up to six years. The results were similar '
those obtained on the fresh, air-dried samples.
RESULTS AND DISCUSSION
The amount of rain water that percolated through the 42-inch C(r
umn of soil, the nitrate and ammonium-nitrogen content of the percol!
tion water under the four-cropping systems, and the rainfall and nitr
gen content of the rain water for each year of the experiment, are show
in Table 1. The rainfall varied from 44.4 to 67.6 inches per year ar
averaged 54.6 inches.
The mean annual water loss by percolation was about one-half tl
rainfall and was not materially influenced by treatment over the si
year period. The largest annual loss of water by percolation occurrt
during the fourth year and was the result of a few heavy rains that ft
when the soil had been saturated only two or three days before. Durii;
this period, percolation varied from 76.9 per cent to 85.4 per cent of tl;
rainfall.
Available nitrogen lost by leaching was largely in the nitrate fori
Only in one year (the sixth) and on two cropping systems (continue




















































































































































































































































































































































































































































































































































































































































































































































































































loss ol the nitrate form. Nitrogen losses by leaching were large enough to
be oi importance on both the cropping systems in which cotton was
grown. The greater loss occurred from the soil where cotton was grown
following leguminous green manure. This soil contained more nitrogen.
The losses from the plots where cotton followed leguminous green ma-
nure varied from 8.2 to 95.4 pounds of nitrogen per acre per year and
averaged 34.3 pounds for the six-year period. Nitrogen losses from the
soil where cotton was grown with fertilizer nitrogen varied from 8.7 to
50.1 pounds per acre per year and averaged 23.6 pounds for the six-year"
period. The continuous-cover plots lost an average of 7.0 and 12.7 pounds'
of nitrogen per acre per year from the clover and grass and grass plots,
respectively. Although the average losses for the six-year period fromj
these latter two cropping systems were not large, the losses during certain!
years were of significance, especially from the clover and grass plots. The
two largest leaching losses from grass alone occurred during the lattei
two of the three years when it was necessary to add fertilizer nitrogen tc
maintain growth of the grass. No runoff was allowed from any of the
plots.
The yield and nitrogen content of the forage removed from the con
tinuous-cover plots are shown in Table 2. It may be noted that the mean
annual yield of clover and grass was almost three times that of grass alone
The nitrogen contained in the clover and grass forage was almost twice
that in the grass on a percentage basis and in terms of pounds oi
nitrogen per acre was over five times that in the grass. Since only one
half of the forage was removed in each case, an equivalent amount wa.'
returned to the soil surface. No nitrogen fertilizer was added to the
clover and grass plots after planting, whereas 60 pounds of fertilizer ni
trogen per acre was added to the grass plots the second year, and 7^
TABLE . 2.—Yield and nitrogen content of forage removed from continuous-cover plots
six-year period
Clover and grass, V2 clippings returned Grass, 1/2 clippings returned
Yield, Nitrogen Nitrogen Yield, Nitrogen Nitrogen
dry weight, content, removed, dry weight. content, removed,
Year Lbs./A. Per cent Lbs./A. Lbs./A. Per cent Lbs./A.
1st 5,762 1.92 168 751 0.80 6
2nd 4,268 2.11 90 1,897 1.21 23
3rd 2,667 2.89 77 1,211 1.65 20
4th 5,397 1.98 107 2,303 1.17 27
5 th 6,684 2.06 138 1,612 1.36 22
6th 3,557 2.44 87 2,487 1.12 28
Total-
6 years 28,335 667 10,261 126
Mean
annual 4,722 2.23 111 1,710 1.23 21
LS.D. for yield = 1439 lbs. per acre at 5% level of probability.
L.S.D. for yield = 2047 lbs. per acre at 1% level of probability.
16
pounds per acre were added in the third and again in the fourth year to
maintain growth of the grass.
In spite of the removal of an average of 111 pounds of nitrogen per
acre per year in the harvested clover and grass, the soil in these plots
showed a substantial net annual gain in nitrogen. The gain in the nitro-
gen content of this soil was undoubtedly due largely to symbiotic nitro-
gen fixation by the inoculated white clover. Some nitrogen was probably
added also by fixation by Azotobacter which appeared in the soil in these
plots the fourth year of the experiment. An average of only 21 pounds
of nitrogen per acre was removed in forage where grass alone was grown.
In order that the effect of legume green manure in supplying avail-
able nitrogen for the succeeding crop might be determined, cotton was
grown following the turning under of an inoculated winter legume and
also with the use of 60 or 72 pounds per acre of fertilizer nitrogen as
ammonium nitrate without green manure. The yield and pounds per
acre of nitrogen turned under in the green manure each spring are
shown in Table 3. There was an average of 5,108 pounds per acre, dry
TABLE 3.—Yield and nitrogen content of leguminous green manure and the nitrogen
turned under before cotton was planted
Nitrogen Nitrogen
Yield, dry wt., content. turned under.
Year Lbs. per A. Per cent Lbs. per A.
1 2,859 3.57 102
2 5,840 3.89 227
3 7,613 3.64 277
4 6,261 3.05 191
5 5,622 3.59 202
6 2,452 4.24 104
Total, six years 30,647 1,103
Mean annual 5,108 3.66 184
weight, of green manure containing 184 pounds of nitrogen turned un-
der each spring. The amount of nitrogen turned into the soil in green
manure varied from 102 to 277 pounds per acre per year and was largely
dependent upon quantity of legume material produced.
The yield of cotton following legume srreen manure as compared with
,
that obtained with fertilizer nitrogen is shown in Table 4. The mean an-
j
nual acre yield of seed cotton for the five years cotton was grown was
I 2,748 pounds from the use of leguminous green manure as compared
with 2,262 pounds using fertilizer nitrogen. The average annual increase
from green manure was 486 pounds. The difference of 486 pounds is sig-
nificant at the one per cent level of probability in spite of the slightly
higher yield produced with fertilizer nitrogen the first year of the experi-
ment. The comparative mean annual yields of cotton following legumin-
ous green manure and those obtained with an average of 70 pounds of
17
available fertilizer nitrogen indicate that an average of 85 pounds, or
49 per cent, of the organic nitrogen in the green manure became avail-
able to the succeeding cotton crop. The nitrogen supplied by the legume
TABLE 4.—Yield of seed cotton following leguminous green manure and with ferti-
lizer nitrogen
Yield of seed Yield of seed
JN . turned cotton after
•
JN itrogen cotton with
under in legume applied in fertilizer
green manure green manure fertilizer nitrogen
Year Lbs. per A. Lbs. per A.
1 102 3,474 60 3,591
2 227 60 1
3 277 2.217 72 1,950
4 191 3,299 72 1,924
5 202 2,447 72 2,080
6 104 2,305 72 1,763
Total, five years 876 13,742 348 11,308
Mean annual 175 2,748 70 2,262
L.S.D. for mean annual yield of seed cotton = 430 lbs. per acre at 1% level of
probability.
^Sudangrass, planted in 2nd year, yielded 10,276 lbs. per acre, dry weight, following
green manure and 7,319 lbs. per acre with fertilizer nitrogen.
green manure not only produced more cotton than the fertilizer nitrogen
but also contributed to a net annual increase of 106 pounds of nitrogen
per acre in the soil.
The changes that occurred in the nitrogen and organic matter con-
tents of the soil under the four cropping systems during the six years arefj
shown in Table 5. It should be noted that the nitrogen content of the'
soil was not the same in all cases at the beginning of the experimental
period reported here. As explained previously, the soil was placed in thejj
lysimeters 13 months before the beginning of the six-year period report-'
ed in this paper. When the soil was first placed in the lysimeters, the 0-
to 6-inch layer contained 0.065 per cent nitrogen in all cases.
\
The largest increase in soil nitrogen during the six-year period oc-j
curred where legume green manure preceded cotton; the smallest in-s
crease occurred where cotton was grown with fertilizer nitrogen. The in-l
crease in the nitrogen content of the soil did not occur at a regular rate'
under any of the cropping systems. In all treatments there were occasional
slight decreases from one year to another, which indicated that if signifi-
cant net changes in the nitrogen content of a soil in a field are to be
measured, the experiment must be conducted and the changes followed
over a period of years. The difference between the mean annual nitro-|
gen content of the soil where a legume was grown and that of the soilj


































































































































































































































































































































































































































































































































































Clover and grass and leguminous green manure resulted in significant
increases in the organic matter as well as nitrogen content of the soil.
Continuous grass increased the organic matter in the soil to a lesser de-
gree. The organic matter content of the soil was not increased signifi-
cantly where cotton was grown with fertilizer nitrogen.
In order to determine whether the accumulations of nitrogen in the
soil under the four cropping systems were related to the occurrence ol
the nonsymbiotic nitrogen-fixing bacteria of the genus Azotohacter, the
relative numbers of these organisms in the soil were determined in the
soil samples taken each year during the experiment. As shown in Table
6, Azotohacter were not present in the soil at the beginning nor at the
end of the first year. They began to appear in the soils that were cropped
to cotton during the second year and in those with continuous cover dur-
ing the fourth year. After six years the largest Azotohacter population
had developed in the soil with the lowest nitrogen and organic matter
TABLE 6.-Occurrence of Azotohacter in Richland silt loam under four cropping!
systems, six-year period
Year
Cropping System Beginning 1st 2nd 3rd 4th 5 th 6th
Clover and grass, 1/2
clippings returned 0 0 0 0 ++ + ++
Grass, 1/2 clippings
returned 0 0 0 0 + + +
Cotton after legume
green manure 0 0 + + + ++ +++
Cotton with fertilizer
nitrogen 0 0 + ++ + +++ ++++
Note: The number of Azotohacter colonies developing on plaques in 72 hours is indi-
cated as follows:
-f 1 to 20 Azotohacter per gram of soil.
-|--u 20 to 200 Azotohacter per gram of soil.
_|_ _]__!_ 200 to 400 Azotohacter per gram of soil.
-|-4--|-+ Over 400 Azotohacter per gram of soil.
content. Even though the number of Azotohacter present in this soil may
have been adequate to fix a measurable amount of nitrogen, the organ-
isms were of little value in increasing the nitrogen content of the soil.
The results of this study indicate that Azotohacter will appear naturally
in soil unfavorable for their growth when the unfavorable conditions,
such as low pH and deficiency of available phosphorus and potassium,
have been corrected, and that under certain cropping systems they may
be of considerable importance in maintaining or increasing the nitrogen
content of the soil.
A summary of the gains and losses of nitrogen in the soil under the
four cropping systems for the six-year period is shown in Table 7. The
20
nitrogen content of the soil, as determined by chemical analysis, is shown
at the beginning and after six years. Fertilizer nitrogen was added to the
soil under two cropping systems. During the six years all the plots received
56 pounds of nitrogen per acre in rainfall as shown by analysis of the
TABLE 7.—Gains and losses of nitrogen in Richland silt loam in lysimeters under
four cropping systems, 6-year period
White clover Cotton
and Dallisgrass, Dallisgrass, Cotton after with
i/i clippings 1/4 clippings vetch as fertilizer
returned returned green manure nitrogen
Nitrogen
~ N. Lbs7/A7 N. Lbs7/AT~ N. Lbs. /A. N. Lbs. /A,
In soil at beginning 1,527 1,360 1,527 1,487
Added in fertilizer 0 204 0 408
Added in rainfall 56 56 56 56
Removed in crops 667 126 359 264
Removed by leaching 76 42 206 142
Calculated balance 840 M52 1,018 1,545
Net gain
(probably fixed) 1,233 381 1,142 68
Fixed annually 206 64 190 11
In soil after six years 2,073 1,833 2,160 1.613
Increase in soil nitrogen 546 473 633 126
Annual increase in
soil nitrogen 91 79 106 21
water for each rain or storm period. Measured removals of nitrogen
from the soil are shown. They include that present in harvested crops
and the nitrate and ammonium nitrogen leached from the soil by perco-
!
lation water. By adding the fertilizer nitrogen and that contained in
rain water to that present in the soil at the beginning of the study and
subtracting from the sum that quantity of nitrogen removed in harvest-
ed crops and that removed by leaching, a calculated balance was obtained.
This calculated balance represented the amount of nitrogen that should
1
have been present in the soil at the end of the six-year period if all ni-
I
trogen additions and losses had been accounted for by soil, water and
I
plant analyses. Then, by subtracting the calculated balance from the ac-
i tual amount of nitrogen present in the soil as shown by chemical analy-
sis at the end of the period, the net gain in nitrogen for each of the four
cropping systems was obtained.
This net gain in nitrogen, or at least a considerable part of it, can be
attributed to nitrogen fixation. Contributing to the net gains, or losses
had net losses occurred, were both symbiotic and nonsymbiotic nitrogen
i
fixation on the one hand and losses of nitrogen by volatilization on the
I
other. These are considered to be the only mechanisms by which addi-
I
tions or losses of nitrogen could have occurred that could be specifically
I
measured in this study. In accounting for the net gains in nitrogen that
i 21
I
occurred, it is doubtful whether much nitrogen could have been lost by
volatilization since conditions of soil reaction, excess water or presence
of a large quantity of inorganic nitrogen never existed in the soil for
long periods.
In accounting for unmeasured additions of nitrogen, it is apparent
that the Azotobacter were responsible for some nitrogen fixation, particu-
larly where grass sod was grown without legumes. Symbiotic nitrogen
fixation was responsible for the larger nitrogen accumulations that oc-
curred in the two cropping systems where legumes were grown. Average!
annual net gains of 206 and 190 pounds of nitrogen per acre occurred
'
in cropping systems where inoculated legumes were grown, the first in
the clover and grass system and the second where cotton followed legumej
green manure. No fertilizer nitrogen was added to the soil in these two^
cropping systems.
The increase in the nitrogen content of the soil for the six-year period
was obtained by subtracting that present in the soil at the beginning from
that present in the soil after six years. The increase in the nitrogen con
tent of the soil under the four cropping systems for the six years was
546 pounds per acre with clover and grass, 473 with grass alone, 633 with
cotton following legume green manure and 126 for cotton with fertilizer'
nitrogen. The annual increases in soil nitrogen were 91, 79, 106 and 21!
pounds per acre under the four cropping systems, respectively.
The nitrogen removed in harvested plant material was largest on the
plots cropped continuously to clover and grass, where one-half the for
age produced was removed. The nitrogen removed during the six years
was 667 pounds per acre. In spite of this large harvest of nitrogen, this
cropping system was responsible for an increase in soil nitrogen of 91
pounds per acre per year.
j
It may be noted that, of the four cropping systems used, cotton fol-
lowing an inoculated legume used as green manure resulted in the larg
est increase in soil nitrogen, 106 pounds of nitrogen per acre per year.
Of the 184 pounds of nitrogen per acre per year contained in the vetch,
106 pounds of this amount remained each year in the soil humus. Thus
it appears that about one-half of the nitrogen from the heavy crop of the
inoculated winter legume contributed to the organic matter buildup in^
the soil, at least for a six-year period. It should be pointed out that, as,
shown in Table 3, a heavy tonnage of the legume was turned under each!
spring. The average was 2.5 tons per acre on the dry-weight basis, and'
this plant material contained an average of 184 pounds of organic nitro-
gen. It should also be pointed out that the soil in all the plots was kept
limed to near pH 6.5, and 72 pounds per acre each of P2O5 and KgO were]
applied each spring, so that the level of the major nutrients was ade-!
quate for vigorous growth of the legumes. The hairy vetch was seeded ati
the rate of 30 pounds per acre. The seed were inoculated and planted!
about October 1 each fall, and appreciable growth was obtained before
cold weather in December. The legume was turned into the soil about
22
t
March 10-15. All the nitrogen removed by crops from the cultivated
plots was in the cotton seed. All the other plant material, except cotton
lint, was left on the plots.
The magnitude of nitrogen losses by leaching was influenced by the
cropping system and by the amount of nitrogen present in the soil. As
would be expected, the presence of a continuous cover reduced leaching
losses. On the plots cropped to cotton the loss was larger where more
nitrogen was present. In six years 1,103 pounds of nitrogen were re-
turned to the soil in legume green manure and 206 pounds, or 18.7 per
cent, were lost by leaching. Four hundred eight pounds of fertilizer ni-
trogen were added to the soil where cotton was grown with fertilizer ni-
trogen and 142 pounds, or 35 per cent of the quantity added, were lost
by leaching. It is apparent that the presence of the legume during the
winter reduced leaching losses of nitrogen and at the same time in-
creased the nitrogen content of the soil by symbiotic nitrogen fixation.
Leaching losses and crop removals of nitrogen were lowest from soil
where continuous grass was grown. The Azotobacter population in this
soil, although it never became very large, was probably responsible for
much of the increased nitrogen content. The nitrogen-fixing efficiency
of the organisms present may have been increased as a result of a suitable
energy supply and a low nitrogen content in the grass residue.
The nitrogen and organic matter contents of the soil were increased
slightly by nitrogen fertilization and cotton crop residue. One of the
three replicates of this treatment showed a net loss in soil nitrogen over
the six-year period.
SUMMARY AND CONCLUSIONS
A lysimeter experiment was conducted to determine the influence of
four cropping systems on the gains and losses of nitrogen and the ac-
cumulations of nitrogen and organic matter in Richland silt loam, a
Mississippi terrace soil, for a six-year period. The four cropping systems
i
were: (1), continuous cover of white clover and Dallisgrass with one-half
the clipped forage returned to the soil surface; (2), continuous Dallis-
!
grass with one-half the clipped forage returned to the soil surface; (3),
i
cotton following an inoculated winter legume turned into the soil as
I green manure; and (4), cotton grown with 60-72 pounds of fertilizer ni-
trogen per acre, one-half the nitrogen applied at planting and the re-
mainder used as a side dressing.
The pH of the soil was maintained near 6.5 by additions of dolomitic
limestone. The soil in all plots was fertilized with available phosphorus
i
and potassium each spring at the rate of 72 pounds per acre each of P2O5
i and K2O.
I
The study was continued for seven years and the last six years' re-
j
suits are reported here. During the course of the study the amounts of
i nitrogen added in fertilizer and in rainfall and the amounts removed in
23
harvested plant material and lost by leaching were measured. Soil analy-
ses were made annually and at the beginning and at the end of the six-
year period for nitrogen and organic matter content. From the data ob-
tained the changes in nitrogen and organic matter contents of the soil
were determined and the following conclusions drawn:
1. Water losses by percolation were influenced more by the nature
and distribution of rainfall than by total amount of rainfall or cropping
system. An average of about 50 per cent of the rainfall was lost by perco-
lation during the six-year period. The largest percolation, 76.9 to 85.4
per cent of the rainfall, occurred during a year when total rainfall was
near average but when a few heavy rains fell on wet soil.
2. Nitrogen brought down to the soil in rain water varied from 4.0 to
13.3 pounds per acre per year and averaged 9.4 pounds. An average of
54 per cent of the nitrogen in the rainfall was ammonium nitrogen. The
remainder was in the nitrate form.
3. Nitrogen losses by leaching varied from 2.0 to 95.4 pounds per
acre per year. Losses were reduced by the presence of continuous cover.
In the cultivated plots nitrogen losses were larger from the soil where
more nitrogen was accumulating. During one year of the experiment
nitrogen losses by leaching from soil cropped to cotton were equivalent
to over two-thirds of that added as fertilizer.
4. Grass without clover could not be produced without occasional ad-
ditions of fertilizer nitrogen. A mean annual yield of 4,722 pounds of
clover and grass was obtained when one-half the forage w^as returned and
no fertilizer nitrogen added. The average annual nitrogen removal in the
harvested forage was 111 pounds per acre in clover and grass and 21
pounds in grass grown with fertilizer nitrogen.
5. Inoculated legumes produced an average of 5,108 pounds of dry
matter, which was turned under as green manure before cotton was
planted. This material contained an average of 184 pounds of nitrogen
per acre per year. Approximately one-half this amount of nitrogen be-
came available for the succeeding cotton crop and produced an average
of 21 per cent more seed cotton than 72 pounds of fertilizer nitrogen.
6. The average annual increase in nitrogen was 206, 64, 190 and 11
pounds per acre, respectively, for the clover and grass, grass alone, cot-
ton after vetch and cotton with fertilizer systems. The average annual
increase in the nitrogen content of the soil under each of the four sys-
tems was 91, 79, 106 and 21 pounds per acre, respectively. The mean an-
nual increase of 190 pounds
,
of nitrogen per acre in the system where
leguminous green manure was grown was about equal to the 184 pounds
of nitrogen turned under each spring in the legume green manure. The
annual accumulation in soil nitrogen was equal to slightly over one-
half the amount of nitrogen turned under in the legume green manure.
7. The two cropping systems, (1) continuous clover and grass with
half the forage returned to the soil surface and (2) cotton following le-
gume green manure, gave significant increases in the nitrogen and or-
24
ganic matter contents of the soil as compared \\-ith cotton gro^vn ^vith
fertilizer nitrogen. The quantity of cotton-crop residue that ^vas pro-
duced with annual applications of fertilizer nitrogen was not sufficient to
appreciably increase soil nitrogen and organic matter.
8. The nons\mbiotic nitrogen-fixing bacteria of the genus Azotohac-
ter appeared in the soil ^vhen conditions ia\()rable for their gro^vth had
been established. These organisms -^vere of some \ alue in increasing the
nitrogen content of the soil. Their principal effect ^vas apparent in the
soil under grass sod, where an a\ erage of pounds of nitrogen per acre
per ^ear accumulated. The grass residue with a relati\eh lo^v nitrooen
content provided a suitable energ\ sotuxe for nitrogen fixation.
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